Purpose: The great popularity of the Tabata Protocol is accompanied by an uncomfortable lack of consistency and criteria in its use, which results in many controversies in the results obtained from its utilization. The purpose of this study was to analyse the studies that based their interventions on the Tabata Protocol and to provide a critical analysis of its use. Methods: A systematic literature search was conducted in PubMed and Scopus. All articles published between 1996 and October 2017 that cited at least one of the original studies of Tabata et al. were considered. Inclusion criteria were as follows: original articles, human trials and English language. Results: Thirty studies were included for analysis. Almost 37% of the studies (n = 11) used a variation of the Tabata Protocol on a cycle ergometer. Only five studies stated the use of the original Tabata Protocol. Exercise intensity was controlled by percentage of i _ VO 2 max (n = 8) or i _ VO 2 peak (n = 3), number of bouts performed (n = 3), all out (n = 10), rate of perceived exertion (n = 1), self-perception of paces (n = 1), maximal power output (n = 1), aerobic power (n = 1) and other forms (n = 2). Conclusion: Based on our results, variations of the Tabata Protocol seem to be indicated to provide increases in aerobic power that are similar to traditional aerobic training while being less time consuming. These adaptations seem to be mainly due to peripheral adaptations. Moreover, the use of Tabata Protocols to promote weight loss is not substantiated by the reviewed studies.
Introduction
More than two decades ago, Tabata et al. (1996) published a study in which a high-intensity interval training protocol lasting 4 min was as or more efficient in increasing aerobic and anaerobic fitness than 1 h of moderate-intensity activities . One year after, the same group tested the acute effects of this protocol and confirmed its high metabolic demand (Tabata et al., 1997) . The protocol introduced by Kouichi Irisawa, former head coach of the Japanese Speed Skating Team, was baptized as the 'Tabata Protocol', in recognition of the lead author of the pioneer study. Now it is used in scientific experiments as well as by the lay public. An exploratory search for the 'Tabata Protocol' in Google retrieved approximately 129 000 results (9 November 2017), 'Tabata Interval Training' retrieved more than 170 000, which represents more than 15% of the results for 'interval training'. Additionally, the search for terms related to the Tabata Protocol in the United States Patent and Trademark Office retrieves dozens of results among apps for mobiles and tablets, as well as exercise programmes. The great popularity of the protocol is probably associated with its astonishing results together with an attractive time efficiency. However, such popularity is accompanied by a lack of consistency, supervision and criteria in the use of the protocol, which results in some questionings and uncertainties about the results obtained from its utilization (Coswig et al., 2016; Gentil et al., 2016) .
The 1996 study reported the use of a load that allowed a participant to perform 7-8 bouts of 20 s at a minimum cadence of 85 rpm on a cycle ergometer, with passive recovery of 10 s (Tabata et al., 1996) . In the 1997 study, the protocol involved 6-7 bouts at an intensity equivalent to 170% of the intensity associated with the achievement maximal consumption of oxygen during an incremental test (i _ VO 2 max) (Tabata et al., 1997) . Apparently, both studies were merged to form the 'Tabata Protocol', which consists in one set of 7-8 bouts of 20 s performed at 170% of i _ VO 2 max, with passive recovery of 10 s. However, the feasibility of this recommendation has been challenged, as it would be unrealistic to accumulate 160 s of work at 170% of i _ VO 2 max using 20 s:10 s intervals, especially in cycling (Coswig et al., 2016; Gentil et al., 2016) .
When analysing the literature, it is possible to find scientific articles that used the original Tabata's studies as references for planning their interventions (Buchan et al., 2011a,b; McRae et al., 2012; Invernizzi et al., 2014; Joanisse et al., 2015; Logan et al., 2016) . However, many methodological aspects were not clearly described in the original studies (Gastin, 1997) , and they were revealed as being very difficult or even unrealistic to reproduce in a real-world setting. These difficulties led to the creation of a great variety of 'Tabata-like protocols' that may have a big difference in the physiological response when compared to the initial protocols, which may result in quite different acute and chronic results. For example, the 'Tabata Protocol' was adapted using other activities (i.e. calisthenics, running and resistance exercises) (McRae et al., 2012; Logan et al., 2016) and varying intensities (all out, based on ratings of perceived exertion, heart rate and body mass percentage) (Buchan et al., 2011a,b; Invernizzi et al., 2014; Joanisse et al., 2015; Logan et al., 2016) . Although this has brought interesting results, the physiological responses to these variations seem to be inconsistent and one may question in each case the use of a 'Tabata Protocol' would be recommended.
Therefore, due to the lack of consistency and criteria in the use of the Tabata Protocol and the potential for specific application of the framework of Tabata Protocol to various training methods, the present systematic review aimed to analyse the studies that based their interventions on the Tabata Protocol and to provide a critical analysis of its use. The discussion presented here will help coaches and researchers to adequately choose whether to use the Tabata Protocol, which outcomes should be pursued and which variations to choose when aiming specific objectives.
Methods

Search strategy
This systematic review conforms to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (Moher et al., 2009) .
A computerized systematic search was conducted in the PubMed and Scopus databases. All articles published between 1996 and October 2017 that cited one or two of the original studies and that used the Tabata Protocol (Tabata et al., 1996 (Tabata et al., , 1997 were considered. Two independent researchers evaluated the articles and extracted the data. Controversies on data extraction were solved by discussion between them and, in case of disagreement, by the judgement of a third researcher.
Study selection
Studies that met the following criteria were included (i) original articles; (ii) human trials; (iii) English language; and (iv) applied any variation of the Tabata Protocol (Tabata et al., 1996 (Tabata et al., , 1997 in their procedures. Articles were excluded if they (i) had no full text; (ii) cited Tabata et al. (1996 Tabata et al. ( , 1997 only in the references but not in the text; and (iii) did not use any variation of the original protocols in the methods. A first screening process of the full text of the articles was performed by two independent researchers. After initial screening of titles, irrelevant studies were removed, which include overlapping studies, abstracts and irrelevant articles, such as editorials and discussion papers that did not match the inclusion criteria. Duplicate papers were then identified and removed. We excluded further studies due to insufficient data for analyses and non-exercise interventions (Fig. 1 ). In addition, quality of included studies was evaluated by Physiotherapy Evidence Database Scale (PEDro) and is shown in Table S1 .
Outcome measures
The following data were extracted: study authors, year of publication, number of participants, sex, age, training status, maximal consumption of oxygen ( _ VO 2 max), details of the variations of the Tabata Protocol used (exercise modality, number of bouts, duration of effort and pause, and intensity control) and main outcomes of the study.
Results
Included studies
The search strategy retrieved 356 records. After deduplication and language examination, 50 were excluded from the review process; 306 full-text copies of the remaining studies were obtained and subjected to further evaluation, 276 of these studies were excluded and the reasons for exclusion were annotated. At the end of the process, 30 publications meeting the eligibility criteria were selected for review, of which 22 (Truijens et al., 2003; Amtmann et al., 2008; Ravier et al., 2009; Buchan et al., 2011a,b; Farney et al., 2012; McRae et al., 2012; Morifuji et al., 2012; Rebold et al., 2013; Fortner et al., 2014; Invernizzi et al., 2014; Ma et al., 2014 Ma et al., , 2015 Scribbans et al., 2014a,b; Foster et al., 2015; Jabbour et al., 2015; Joanisse et al., 2015; Garc ıa-Hermoso et al., 2016; Harnish & Sabo, 2016; Laird et al., 2016; Logan et al., 2016; Mat e-Muñoz et al., 2017) cited the Tabata et al. (1996) and eight (Vuorimaa et al., 2000; Truijens et al., 2003; Feriche et al., 2007; Farney et al., 2012; Stanley et al., 2014; Nicol o et al., 2015; Williams & Kraemer, 2015; Holmstrup et al., 2016) cited Tabata et al. (1997) . Among them, two cited both studies (Truijens et al., 2003; Farney et al., 2012) .
Date of publication of the included studies
Although the Tabata et al. (1996 Tabata et al. ( , 1997 ) studies were published in 1996 and 1997, most of the references that cited them were published in the last 7 years, especially in the years 2014 and 2016 (Fig. 2) . Two studies (Scribbans et al., 2014a; Joanisse et al., 2015) conducted two surveys each on different samples. Another two studies (Buchan et al., 2011a,b) used the same sample, however, evaluated different variables.
Participant characteristics
The number of participants in the studies varied from four (Amtmann et al., 2008) to 88 (Ma et al., 2015) with an average of approximately 25 participants. Thirteen studies examined exclusively males (Vuorimaa et al., 2000; Feriche et al., 2007; Amtmann et al., 2008; Ravier et al., 2009; Farney et al., 2012; Morifuji et al., 2012; Scribbans et al., 2014a,b; Stanley et al., 2014; Nicol o et al., 2015; Williams & Kraemer, 2015; Logan et al., 2016; Mat e-Muñoz et al., 2017) , three exclusively females (McRae et al., 2012; Holmstrup et al., 2016; Laird et al., 2016) , whilst the remaining study assessed a mixed sample (Truijens et al., 2003; Buchan et al., 2011a,b; Rebold et al., 2013; Fortner et al., 2014; Ma et al., 2014 Ma et al., , 2015 Scribbans et al., 2014a; Foster et al., 2015; Jabbour et al., 2015; Joanisse et al., 2015; Harnish & Sabo, 2016) . In total, 431 men and 217 women participated in the studies (two studies used the same sample). The mean age of study participants ranged from 9 to 29 years. The training status of the participants ranged from sedentary (Jabbour et al., 2015; Joanisse et al., 2015) Invernizzi et al., 2014; Stanley et al., 2014; Nicol o et al., 2015) . In addition, in those studies that measured _ VO 2 max (n = 21), the mean of _ VO 2 max ranged from 34Á0 AE 6Á5 to 69Á4 AE 5Á1 ml kg À1 min À1 . Details of the participant characteristics of the included studies are detailed in Tables S2 and S3 .
Exercise training parameters
Regarding training protocols, almost 37% of the studies (n = 11) used a variation of the Tabata Protocol in a cycle ergometer (Fig. 3) . Only five studies (Amtmann et al., 2008; Scribbans et al., 2014a,b; Foster et al., 2015; Joanisse et al., 2015) stated the use of the original Tabata Protocol. Exercise intensity was prescribed by percentage of i _ VO 2 max (n = 8) or intensity of peak consumption of oxygen ( _ VO 2 peak) (n = 3), number of repetitions performed in fixed time (n = 3), allout efforts (n = 10), rate of perceived exertion (n = 1), selfperception of paces (n = 1), maximal power output (n = 1), aerobic power (n = 1) and other forms (n = 2). Details of the acute and chronic interventions of the included studies are showed in Tables S2 and S3 , respectively.
Discussion
In general, a high variability and low consistency with the original Tabata Protocols (Tabata et al., 1996 (Tabata et al., , 1997 were found. Considering the high heterogeneity within studies, we chose to discuss the influence of exercise modality (cycling, running, calisthenics, etc.), prescribed intensity and study design (acute and chronic) on main outcomes by topics.
Exercise modality
Only 11 used a cycle ergometer and most used other forms of exercise (Fig. 3) . It is important to note that different types of exercise (cycling exercise and whole-body exercise) evoke different physiological demands. For example, at the same Figure 2 Number of studies that cited Tabata et al. (1996 Tabata et al. ( , 1997 . relative intensity, running may induce greater oxygen consumption ( _ VO 2 ) than cycling, with lower lactate levels (Matsui et al., 1978) . These differences might explain the variations in the outcomes reported in the reviewed studies. For example, McRae et al. (2012) used calisthenic exercises and found no differences in anaerobic capacity between highintensity interval training (HIIT) and continuous activity at moderate intensity, contradicting the results of Tabata et al. (1996) on the cycle ergometer.
Indeed, running and calisthenics create less peripheral fatigue when compared with cycling (Fitzsimmons et al., 1993) , which might result in a lower glycogen depletion and this can influence the results in power outputs (Hulston et al., 2010) . Fortner et al. (2014) conducted a study with 14 non-obese young participants (body mass index: 25Á7 AE 0Á8 kg m À2 ) to investigate cardiovascular and metabolic demands of a 'Tabata Protocol' performed with kettlebell swing exercises. The results revealed a higher rate of perceived exertion, average _ VO 2 value, percentage of _ VO 2 peak achieved, maximal heart rate and post-exercise blood lactate concentration in the Tabata Protocol than in traditional resistance protocols. Although the post-exercise blood lactate concentration was greater in the Tabata Protocol than in the traditional protocol, the value (6Á4 AE 1Á1 mmol l À1 ) was lower when compared to the value reported by Foster et al. (2015) when using a cycle ergometer (~12 mmol l À1 ). On the other hand, using the Tabata Protocol with mixed martial arts resulted in higher blood lactate concentration (range 8Á1-19Á7 mmol l À1 ) (Amtmann et al., 2008) . This can be a consequence of the use of different exercise modalities and methods of controlling the intensity of effort, resulting in different releases of lactate into the bloodstream. Therefore, if the purpose is to provide higher stress on the anaerobic system, the use of cycling might be considered. However, to provide higher _ VO 2 with less peripheral fatigue running, calisthenics or kettlebell exercise might be a better choice. In addition, besides McRae et al. (2012) suggested that exercise modality choice and variability could enhance motivation and long-term adherence, this issue
was not yet tested and should be considered in future investigations.
Prescribed intensity
About 47% of the selected studies (Amtmann et al., 2008; McRae et al., 2012; Rebold et al., 2013; Fortner et al., 2014; Ma et al., 2014 Ma et al., , 2015 Scribbans et al., 2014a,b; Foster et al., 2015; Joanisse et al., 2015; Williams & Kraemer, 2015; Holmstrup et al., 2016; Laird et al., 2016; Mat e-Muñoz et al., 2017) used the same number of bouts, time of effort and time to recovery between the bouts that were used by Tabata et al. (1996) . Regarding intensity, only four studies (Scribbans et al., 2014a,b; Foster et al., 2015; Joanisse et al., 2015) supposedly applied the original intensity used in the Tabata Protocol (i.e. 170% of i _ VO 2 max) (Tabata et al., 1996 (Tabata et al., , 1997 . However, the feasibility of such a protocol was recently questioned (Coswig et al., 2016; Gentil et al., 2016) due to the difficulties of the subjects in performing 7-8 bouts at an intensity corresponding to 170% of i _ VO 2 max on a cycle ergometer. Unpublished data from our research group reveal that most participants interrupt the exercise by the third bout when cycling at an intensity equivalent to 170% of the i _ VO 2 max and a plausible intensity for 7-8 bouts should be around 115% of the i _ VO 2 max. Therefore, it appears that using 170% of i _ VO 2 max is unfeasible in a real-world setting, especially if we consider a clinical population (such as overweight and obese subjects). The difficulty in using the intensity equivalent to 170% of i _ VO 2 max might have led researchers to change the form of intensity control (e.g. 'all-out', rate of perceived exertion and number of bouts performed) in order to accomplish the 7-8 bouts proclaimed by Tabata et al. (1996) . For example, Laird et al. (2016) used 110%, 115% and 120% of i _ VO 2 max. We speculate that inconsistencies in Tabata's Protocol intensity prescription could be related to poor pretesting description on the original articles. Indeed, the original work indicates constant power testing for _ VO 2 max, while recent papers applied different progressive tests (Scribbans et al., 2014a,b; Foster et al., 2015; Joanisse et al., 2015) , which means that different parameters have been used and _ VO 2 max could have been underestimated in Tabata's work.
Another possible consequence of the difficulties in establishing the adequate intensity and consequently replicate the original protocol is the increase in the use of 'Tabata-like Protocols' to perform generic forms of 'all-out' efforts (Amtmann et al., 2008; Rebold et al., 2013; Fortner et al., 2014; Ma et al., 2014 Ma et al., , 2015 Joanisse et al., 2015; Harnish & Sabo, 2016; Logan et al., 2016; Mat e-Muñoz et al., 2017) . However, the performance of all-out efforts for 20 s at a fixed load interspaced by 10 s could be highly demanding, which makes its feasibility questionable. It is important to note that recent studies with 20 s of all-out efforts employed 2 min of rest between bouts and restricted the number of bouts to 3-4 (Gillen & Gibala, 2014; Gillen et al., 2016) . Based on this, it is recommended to individually test the participants in order to establish the adequate intensity for the purposed work parameters.
Study design
Regarding the type of the study, 16 (53Á3%) of the reviewed studies were acute and 14 (46Á6%) were chronic studies (Tables S2 and S3 ). The analyses involved _ VO 2 max (Vuorimaa et al., 2000; Feriche et al., 2007; Fortner et al., 2014; Stanley et al., 2014; Nicol o et al., 2015; Williams & Kraemer, 2015) , lactate levels (Feriche et al., 2007; Amtmann et al., 2008; Farney et al., 2012; Fortner et al., 2014; Invernizzi et al., 2014; Stanley et al., 2014; Nicol o et al., 2015) , perceived exertion (Amtmann et al., 2008; Farney et al., 2012; Fortner et al., 2014) , heart rate (Farney et al., 2012; Fortner et al., 2014; Stanley et al., 2014; Nicol o et al., 2015; Williams & Kraemer, 2015) , total work (Farney et al., 2012; Morifuji et al., 2012; Scribbans et al., 2014a; Nicol o et al., 2015; Williams & Kraemer, 2015; Harnish & Sabo, 2016) , caloric expenditure (Williams & Kraemer, 2015) , oxidative stress (Farney et al., 2012) , blood glucose, insulin and plasma concentration of amino acids (Morifuji et al., 2012) , blood pressure (Buchan et al., 2011a,b; Fortner et al., 2014; Stanley et al., 2014; Foster et al., 2015) , fibre-type distribution, whole-muscle capillary density (Scribbans et al., 2014a), power output (Foster et al., 2015; Holmstrup et al., 2016; Laird et al., 2016; Mat e-Muñoz et al., 2017) , inflammatory markers (cytokines, interleukin-6 and interleukin-10), tumour necrosis factor (TNF-a) and insulin sensitivity (Harnish & Sabo, 2016) .
The analysis of _ VO 2 in the acute studies (Fortner et al., 2014; Williams & Kraemer, 2015) that used the same number of bouts, time of effort and time to recovery between the bouts that were used by Tabata et al. (1996) indicates that mean percentage of _ VO 2 max achieved ranged from approximately 43% (Williams & Kraemer, 2015) to 71% (Fortner et al., 2014) . However, Tabata et al. (1997) reported that subjects achieved values corresponding to 96Á5% of the _ VO 2 max. The blood lactate, perceived exertion and heart rate ranged from 6Á4 (Fortner et al., 2014) (Fortner et al., 2014) , respectively. The high variability shows that different modalities and/or intensity prescription affect _ VO 2 , blood lactate, heart rate and rate perceived exertion behaviour, which means that benefits derived from the Tabata Protocol change according to the modality, form of control and magnitude of the intensity adopted. This wide range of applications does not allow authors to suggest that the use of 'Tabata Protocols' tax the aerobic and anaerobic systems maximally, as previously suggested .
In the chronic studies, _ VO 2 max, anaerobic power and capacity were the most common outcomes evaluated (Table  S2) . Improvements in _ VO 2 max were shown in six chronic studies (Ravier et al., 2009; McRae et al., 2012; Scribbans et al., 2014a,b; Foster et al., 2015; Logan et al., 2016) , while four studies (Rebold et al., 2013; Scribbans et al., 2014a,b; Foster et al., 2015) reported increases in anaerobic power and only two in anaerobic capacity (Scribbans et al., 2014a; Foster et al., 2015) . Tabata's original studies showed aerobic and anaerobic improvements, which indicate that very low-volume, highintensity interval training, which lasts only 4 min, could be an interesting strategy for improving physical fitness. Scribbans et al. (2014b) replicated Tabata's Protocol (eight bouts of 20-second intervals at $ 170% of i _ VO 2 peak separated by 10 seconds rest no load on a cycle ergometer at a cadence of their choice) in order to investigate possible mechanisms for those responses and found similar aerobic and anaerobic improvements. Aerobic changes were accompanied by increases in mitochondrial proteins and peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC1-a) activity. In agreement, Scribbans et al. (2014a) showed that Tabata's Protocol induced similar changes in _ VO 2 peak and exercise performance as endurance training. The authors indicated that fibre-type distribution, fibre-type specific oxidative and glycolytic capacity, glycogen and intramuscular triglyceride (IMTG) storage, and whole-muscle capillary density, in addition to anaerobic exercise performance and whole-muscle glycolytic capacity, could explain results for both training modes; however, this remains unclear. The advantage of the very low-volume HIIT could be related to time efficiency (~10% of the time expended on endurance training). Among the seven chronic studies that compared the Tabata Protocol with other forms of exercise, two (McRae et al., 2012; Scribbans et al., 2014a) reported better results and five (Buchan et al., 2011a,b; Foster et al., 2015; Holmstrup et al., 2016; Laird et al., 2016) reported equivalent results to others forms of exercise. Consequently, we can infer that the merit of the Tabata Protocol is in its time efficiency more than in its superiority in comparison with traditional protocols.
Only three chronic studies evaluated body composition (Buchan et al., 2011a,b; Rebold et al., 2013) . Two studies compared with a moderate-intensity group, and the results showed that body fat percentage significantly decreased only in the moderate group postintervention (Buchan et al., 2011a, b) . Another study showed significant results when compared to a non-exercise group (Rebold et al., 2013) . Taken these studies together, it should be considered that (i) body composition was not the main outcome; (ii) we found duplicated data (Buchan et al., 2011a,b) ; and (iii) subjects already have low values of body fat percentage. Therefore, to infer about the use of this form of exercise for weight/fat loss is not possible yet. On the other hand, it is a relevant topic and should be considered by researchers groups. Surprisingly, our review found only five studies that approximate the original protocol replication (Amtmann et al., 2008; Scribbans et al., 2014a,b; Foster et al., 2015; Joanisse et al., 2015) and not even the group that published the original studies replicated it in later studies. The term 'Tabata Protocol' is a generic classification for high-intensity intermittent protocols using low duration and high-intensity efforts with even lower duration rest intervals. However, the inconsistencies between them do not allow us to predict the outcomes obtained from such interventions.
To the best of our knowledge, this review is the first one to analyse the use of the Tabata Protocol in scientific articles and our results may help coaches and researchers to replicate previously used protocols by providing them information that would help to choose the variations to perform and define adequate expectations from the outcomes.
The findings of this review should be interpreted taking into consideration some limitations. The first one is that we might have neglected articles that tried to replicate the original protocols but did not cite them in the references. Moreover, the heterogeneity of the studies did not allow for further meta-analytical approach, which precludes us estimating the results obtained from the variations.
Conclusions
The findings from this systematic review indicated that less than half of the studies that cited the high-intensity interval training named Tabata Protocol in the methods stated the use of the original protocol. Most of the existing literature has focused only on applying the same number of bouts, time duration of bout and/or time to recovery between bouts used in the Tabata Protocol. Our analysis revealed a large inconsistency in the use of the 'Tabata Protocols', which results in divergent acute and chronic responses. Based on our results, variations of the Tabata Protocols seem to be indicated to provide increases in aerobic power that are similar to traditional aerobic training while being less time consuming. These adaptations seem to be mainly due to peripheral adaptations. Moreover, the use of Tabata Protocols to promote weight loss is not substantiated by the reviewed studies. 
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